ABSTRACT: Bacterial abundance, population dynamics, and related environmental parameters were determined in ballast water during 2 trans-Pacific voyages from Japan to the west coast of Canada and 2 trans-Atlantic voyages from the Netherlands to the east coast of Canada. Water samples were collected from ballast tanks that either underwent mid-ocean exchange (MOE) or were unexchanged (control). Bacterial abundances in the MOE and control tanks were not significantly different at the end of the voyage. Moreover, abundances were not lower immediately after compared with immediately before MOE, suggesting that MOE alone is not effective in reducing ballast water bacterial abundances. Results of this study suggest that the duration of the voyage plays a critical role in determining the potential bacterial propagule pressure. Although the bacterial growth dynamics were complex, we found robust relationships and a highly significant predictive relationship between bacterial abundance and both temperature and dissolved oxygen concentrations of the ballast water (p < 0.001). This robust relationship allows the prediction of potential bacterial propagule pressure from environmental characteristics within the ballast tanks. 
INTRODUCTION
Ballast water, which is taken on-board and stored in tanks to enhance the ship's stability and maneuverability during transit, is a vector of ship-mediated transport and introduction of aquatic invasive organisms (IMO 2008) . These aquatic invaders have the potential to alter, or already have altered, the ecology, biodiversity, and functioning of the aquatic ecosystem (DFO [Fisheries and Oceans Canada] 2007, Ruiz & Reid 2007 , Rilov & Crooks 2009 . Although natural dispersal mechanisms, such as ocean currents, enable marine organisms to expand their geographic range, large ocean-going ships are now a mechanism for widespread rapid species dispersal at ocean basin to global scales. Ships transport ~80% of the world's commodities (Carlton 1999) , and this has changed the patterns and increased the rates of invasions and introduction of organisms into environments where they would normally not be found (MacIsaac et al. 2002 , Joachimsthal et al. 2004 .
Approximately 3 × 10 9 to 5 × 10 9 m 3 of ballast water is annually transported and everyday 7000 to 10 000 different marine species are transported in ballast water (IMO 2008) . Although the abundance and species diversity generally declines as ballast water ages, some organisms have the ability to endure the conditions in the ballast tanks (Ruiz et al. 2000 , Drake et al. 2007 , Gregg & Hallegraeff 2007 . At present, midocean exchange (MOE) of ballast water is the main method used to control the introduction of aquatic invasive species (IMO 2008) . International Maritime Organization guidelines (IMO 2008 ) require ships to exchange ballast water at least 200 nautical miles offshore at ocean depths greater than 2000 m (Transport Canada 2007) , and when conducted in compliance with these guidelines, MOE can reduce the initial concentration of planktonic organisms by 80 to 95% (Ruiz & Reid 2007) . However, the ballast tanks typically retain low abundances of coastal organisms in residual water in the tanks, and euryhaline organisms may be able to survive the dilution with high salinity water (Wonham et al. 2001 , Taylor et al. 2007 , Transport Canada 2007 .
Most studies on ballast-mediated introductions of invasive organisms have generally been on eukaryotes, for example invertebrates, such as the zebra mussel Dreissena polymorpha (Hebert et al. 1989) , or protozoa, such as dinoflagellate vegetative cells and cysts (Hallegraeff 1998 , Gregg & Hallegraeff 2007 . Very little is known about the factors regulating microbial dynamics in ballast water during transit between ports. Recent studies, however, have shown that heterotrophic prokaryotes and viruses numerically dominate ballast water biota (Rigby et al. 1999 , Ruiz et al. 2000 , Drake et al. 2002 , Burkholder et al. 2007 , Ma et al. 2009 , Seiden et al. 2010 , Sun et al. 2010 , and some of these microbes may be pathogenic. Bacteria are small (typically 0.2 to 1 µm), ubiquitous and abundant, and are capable of enduring the conditions in ballast tanks as spores or other resting stages (Ruiz et al. 2000 , Gregg & Hallegraeff 2007 , and thus possess the characteristics that favour their successful introduction into new environments. Most ballast water studies have examined microbial abundances at the deballasting location, and relatively few have monitored the changes that occurred in transit (Olenin et al. 2000 , Gollasch et al. 2000a ,b, Drake et al. 2002 , Mimura et al. 2005 , Seiden et al. 2010 , Tomaru et al. 2010 ).
There are surprisingly few studies characterizing bacterial abundance and dynamics in ballast water during transit from the uptake to deballasting (Drake et al. 2002 , Seiden et al. 2010 , Tomaru et al. 2010 . To assess the risk associated with transporting microorganisms in ballast water, it is essential to understand their dynamics (i.e. changes in abundances and/or composition) that occur during transit. Three fundamental questions that remain largely unexplored are: (1) What changes occur to bacteria populations present in ballast water during transit from one port to another? (2) What physical factors control these changes? (3) What are the effects of MOE on the ballast water bacterial community deballasted into coastal waters? Here, we report on a comprehensive study that assessed the temporal pattern of change in heterotrophic bacteria in relation to environmental factors in ballast water during 2 trans-Pacific and 2 transAtlantic voyages. Although the bacterial growth dynamics were complex among the 4 voyages, we found robust relationships and a very significant predictive relationship between bacterial abundance and both temperature and dissolved oxygen concentration of the ballast water.
MATERIALS AND METHODS
In the North Pacific Ocean, studies were conducted onboard the MV 'Skaugran' (bulk carrier: 182.5 m long; 41 900 gross tons) from 26 July to 16 August 2007 (trans-Pacific 1; TP1) and from 18 September to 10 October 2007 (TP2). Ballast water was sampled daily for physicochemical parameters and every third day for bacterial abundances, as well as immediately before and after MOE, between Hakata, Japan, and New Westminster, British Columbia, Canada (Fig. 1A) . Although both TP voyages departed from Hakata, Japan, during TP1, ballast water was taken onboard near Inchon, South Korea, and this is considered the source port. In the North Atlantic Ocean, studies were conducted onboard the MV 'Eva N' (bulk carrier; 305 m long; 107 512 gross tons) from 15 to 24 October (trans-Atlantic 1; TA1) and 16 to 23 November 2008 (TA2). Ballast water was sampled daily (weather permitting) for physicochemical parameters and bacterial abundances between Rotterdam, The Netherlands, and Sept-Iles, Quebec, Canada (Fig. 1B) .
Ballast and port water sampling. For the TP voyages, 4 ballast tanks (top side upper wing tanks) were sampled; 2 of the tanks underwent exchange (MOE) and 2 tanks remained unexchanged (control). The paired (MOE vs. control) tanks allowed the efficacy of MOE in reducing bacterial numbers to be assessed. MOE was on Day 14 and 15 during TP1 and TP2, respectively, after samples had been taken. The ships' routes and locations of MOE are shown in Fig. 1A .
For the TA voyages, 4 ballast tanks (top side upper wing tanks) were sampled; all the tanks for these voyages underwent MOE, albeit at different times. The first and second set of MOE tanks that were exchanged are designated MOE1 and MOE2, respectively. For TA1, MOE1 began on Day 2 and finished on Day 3, whereas MOE2 was on Day 6. For TA2, MOE1 was on Day 3 and MOE2 was on Day 4. In all cases, MOE took place after daily samples had been taken. The ships' routes and locations of MOE are shown in Fig. 1B .
Temperature, dissolved oxygen concentrations (mg l −1 ), and salinity (psu) of the ballast tank water was measured daily using a handheld YSI Model 85 meter at 3 depths of the ballast tanks. For the TP voyages, water was sampled from the surface (0 m), middle (2 m), and mid-bottom (4 m). For the TA voyages, samples were taken from the surface, middle and bottom at 0, 10 and 20 m for TA1, and 1, 5 and 10 m for TA2. Since there were no depth-related differences for these variables, we computed ballast tank average temperature, dissolved oxygen concentrations, and salinity from the 3 depths. At 1 to 3 d intervals, water samples were collected using a 5 l Niskin bottle (de -ployed into the ballast tank through a deck hatch or over the side of the ship for port samples) at the same 3 depths as those for physicochemical parameter measurements. Water from each ballast tank was pooled into a 15-l carboy that was pre-rinsed in 2% HCl and distilled water. This integrated ballast water sample was considered to be representative of the water column, and was subsampled for bacterial properties. In addition, ambient sea water temperatures were monitored daily (obtained from the ship's log).
In the North Pacific, samples were collected from the source ports (TP1: Inchon, South Korea at 0, 4 and 8 m; TP2: Osaka Harbour, Japan at 0, 2 and 4 m), and from the destination port (at 0, 2 and 4 m). In the North Atlantic, samples were collected from source (at 1, 4 and 7.5 m) and destination (at 1 and 8 m) ports during TA2 and from the destination port only (at 0 m) during TA1. Environmental parameters of the port water were measured at the same depths as those of the samples and as described above.
Analytical methods. Samples for bacterial enumeration were fixed with ~2% (final concentration) formaldehyde and stored in the dark at 4°C until analysis, within 3 d of their receipt in the laboratory. Samples were prepared by filtering 10 ml of preserved ballast and port water onto 25 mm diameter, 0.22 µm black polycarbonate filters (GE Osmonics), staining with 200 µl of 4', 6-diamido-2-phenylindole (DAPI; 5 µg ml ) that excites at 359 nm and emits at 461 nm, and mounting on slides in Cargille Type A immersion oil (Porter & Feig 1980) . Slides were stored at −20°C until counting. Epifluorescence direct counts were made using an Olympus BH2-RFCA equipped with a wide band blue filter (120× oil immersion lens; total magnification 1250×). For each filter, bacteria were counted in 10 to 20 fields of view and at least 600 cells per filter were counted. The average coefficients of variation (CV) of bacterial counting were 17% and 16% for TP1 and TP2, respectively; and 20% and 16% for TA1 and TA2, respectively.
The rates of bacterial growth and loss for each tank and voyage were computed from the slope of the regression of the relationship between time (d) and the natural logarithm of bacterial abundance. Similarly, rates of change in dissolved oxygen concentrations were computed from the slope of the regression relationship between time (d) and the dissolved oxygen concentrations.
Cell size and cell morphometrics were determined using image analysis (ImagePro Plus v. 6.2). Images of cells on each filter were captured, stored, and individually examined for a minimum of 1000 cells per filter. The volumes were calculated assuming cells with an aspect ratio <1.5 were spheres and cells with an aspect ratio ≥1.5 were cylinders. Cell volumes were converted to cell carbon according to Norland (1993) .
Bacterial respiration (BR) was estimated during the positive growth phases of TP1 and TA2. We did not determine respiration during TP2 or TA1 because either there was no net growth or the pattern or duration of positive net growth was not comparable among tanks. Bacterial production (BP) was computed as the product of the net growth rate and the bacterial cell carbon. From estimates of BP and the ballast water temperatures, BR was calculated according to the algorithm of Rivkin & Legendre (2001) as follows: where BGE is the bacteria growth efficiency that is estimated from temperature (T ):
By combining Eqs. (1) and (2), BR is computed as:
Since observed bacterial growth is net (i.e. including mortality), production and respiration are likely underestimated.
Data analyses and model development. The relationships between bacterial abundance and the environmental parameters temperature, dissolved oxygen concentrations and salinity of the ballast tanks was assessed using bivariate and multiple linear regression analyses. Differences in re sponse variables (bacterial abundance, cell volume, and cell morphometrics) in the MOE and unexchanged tanks, and in port water, were determined using the General Linear Model and 1-way Analysis of Variance (ANOVA). All statistical analyses were conducted using Minitab v. 14.
Bacterial abundance was predicted from concurrently measured environmental parameters within the ballast tanks using Model 1 regression. Reduced Major Axis (RMA) Model 2 regression was used to describe the functional relationship between predicted and observed bacterial abundances. Model 2 regression analysis was conducted using R 2.11.1.
RESULTS

Physicochemical parameters
Trans-Pacific voyages During TP1, initial ballast water temperature was sampled while still in port (Day 0) and ranged from 21.7 to 22.5°C. The temperatures in all ballast tanks followed the same general trend during the voyage ( Fig. 2A ), increasing to a maximum on Day 9, followed by a slow decline, which was more pronounced in the MOE tanks on Day 14 after exchange, and remaining relatively constant afterwards. During TP2, initial ballast water temperature was sampled on the first transit day after departing port (Day 1); temperatures were higher than for TP1 and ranged from 27.1 to 28.5°C. Temperatures in all tanks followed the same general trend during the voyage, increasing to a maximum on Day 3, followed by a slow decline, which was more pronounced in the MOE tanks on Day 15 after exchange, and remaining relatively constant afterwards (Fig. 2B ). The temperature of the ballast tanks during both voyages paralleled the ambient ocean water temperatures with an approximate 2 to 3-day time lag (Fig. 2A,B ). During TP1, dissolved oxygen concentrations in all tanks ranged from 2.9 to 4.5 mg O 2 l −1 on Day 0 and declined at an average rate of ~0.56 mg O 2 l −1 d −1 to below detectable levels on Day 6 (Fig. 3A) . After Day 6, the ballast water in the control tanks was near-anoxic for the remainder of the voyage. The introduction of oceanic water on Day 14 in the MOE tanks increased the dissolved oxygen concentrations (Fig. 3A) and was followed by a decrease at ~0.31 mg O 2 l
. During TP2, the same patterns in dissolved oxygen concentrations were observed except that the initial concentrations were lower at the start of the voyage (range 0.5 to 1.1 mg O 2 l −1
) and declined at a rate of ~0.39 mg O 2 l −1 d −1 to undetectable levels on Day 3 (Fig. 3B ). The ballast water in the control tanks was at or below the level of detection for the remainder of the voyage. In the MOE tanks, the introduction of oceanic water on Day 15 increased dissolved oxygen concentrations and was followed by a decrease at ~0.26 mg O 2 l −1 d −1 (Fig. 3B ).
For TP1, salinity ranged from 30.5 to 31.7 psu in the control tanks and 30.5 to 31.6 psu in the MOE tanks prior to exchange and ~32.7 psu afterwards. For TP2, salinity ranged from 30.7 to 31.8 psu in the control tanks and 28.0 to 31.8 psu in the MOE tanks prior to exchange and ~32.2 psu afterwards (data not shown).
Trans-Atlantic voyages
During TA1, initial ballast water temperature, sampled while still in port (Day 0), was 14.9°C in both MOE1 and MOE2 tanks; temperatures declined throughout the voyage (Fig. 2C ). During TA2, initial ballast water temperature, sampled on first transit day (Day 1), was 11.3 and 12.1°C in MOE1 and MOE2 tanks, respectively. In all ballast tanks, temperatures increased until Day 4, and declined thereafter (Fig. 2D ). Ballast water temperature was generally similar to ambient ocean water temperatures, except for Days 6 to 10 of TA1, where ballast water temperature declined despite an increase in ocean water temperatures (Fig. 2C,D tanks, respectively. For TA1, salinity ranged from 30.2 to 30.4 psu in MOE1 tanks and 29.5 to 30.9 psu in MOE2 tanks prior to exchange and was ~35.2 and ~33.4 psu, respectively, afterwards. For TA2, salinity ranged from 29.4 to 30.2 psu in MOE1 tanks and 30.5 to 32.5 psu in MOE2 tanks prior to exchange and was ~34.5 and ~34.3 psu, respectively, afterwards (data not shown).
Bacterial variables
Trans-Pacific voyages During TP1, in both the control and MOE ballast tanks bacterial abundances significantly (p = 0.01 to 0.02) increased between Day 0 and Days 7 (control) and 10 (MOE), and then significantly (p = 0.02 to 0.03) decreased by Day 22 (Fig. 4A) . The end-of-voyage bacterial abundances were not significantly different among the 4 ballast tanks sampled or from the abundance on Day 0 (Table 1) . During TP2, control ballast tanks bacterial abundances significantly (p = 0.05) decreased between Days 1 and 24 (Fig. 4B, Table 1 ). In the MOE tanks, despite the transient increase in bacterial abundances between Days 7 and 13, bacterial abundance significantly (p = 0.02) decreased between Days 1 and 24 (Fig. 4B , Table 1 ). The end-of-voyage bacterial abundances were not significantly different among the 4 tanks sampled; however, unlike TP1, the end-of-voyage bacterial abundances were significantly (p = 0.05, control; p = 0.02, MOE) lower than on Day 1 (Table 1) .
The changes in bacterial abundances in the ballast tanks were divided into growth and loss (i.e. net mor-Bacteria (cells l Table 2 ). For control and MOE tanks 2, the patterns of change in bacterial abundance were complex with periods of net increase and decrease in abundance with an overall pattern of net mortality (Fig. 4B, Table 2 ).
As a proxy for diversity and community characteristics, we compared the cell morphometrics (cell volumes and % rod-shaped cells) at the beginning (all samples collected before the date of MOE) and the end Table 2 . Phases of growth (positive net growth) and mortality (negative net growth) and the respective net growth rates of bacteria during trans-Pacific (TP) and trans-Atlantic (TA) voyages. Phases are shown as beginning to end day; at Day 0, the vessel is still in port and Day 1 is the first transit day. For TP voyages, the columns to the left and right compare tanks that underwent midocean exchange (MOE) and those that did not (control); for TA voyages, comparison is between tanks that underwent exchange earlier (MOE1) and later (MOE2). See 'Material and methods' for calculations of rates of growth and mortality of the voyage (all samples collected after the date of MOE). There were no significant differences in cell volume or percent of rod-shaped cells at the beginning and end of either voyage (Tables 1 & 3) . Water samples were also collected from both the source and receiving port waters. For TP1, bacterial abundances in source port and receiving port waters were 6.7 × 10 8 and 1.3 × 10 9 cells l −1
, respectively. Abundances were significantly (p = 0.04) higher in receiving port waters. For TP2, bacterial abundances in source port and receiving port waters were 1.8 × 10 9 and 1.3 × 10 9 cells l −1
, respectively, and were not significantly different (p = 0.19).
Trans-Atlantic voyages
During TA1 and TA2, ballast tanks showed a significant (TA1, p = 0.005; TA2, p = 0.05) decrease in bacterial abundances between the beginning and end of the voyages (Fig. 4C) . For both voyages, bacterial abundance at the end of the voyage was not significantly different among the 4 tanks (Table 1) .
For TA1, bacterial growth rates were −0.09 d −1 and −0.05 d −1 for MOE1 and MOE2 tanks, respectively; that is, showing net mortality throughout the voyage (Fig. 4C, Table 2 ). For TA2, the average rates of bacterial growth and losses in the MOE1 and MOE2 tanks were computed for the 2 growth phases (Fig. 4D, Table  2 ). In the MOE1 tanks, a net mortality of −0.17 d −1 was recorded between Days 1 and 4; thereafter, abundances increased at an average growth rate of 0.04 d −1 (Fig. 4D, Table 2 ). For MOE2 tanks 1 and 2, net mortality was observed between Days 1 and 4 at −0.10 d −1 and −0.16 d −1 , respectively; thereafter, net growth was 0.08 d −1 and 0.13 d −1 , respectively (Fig. 4D , Table 2 ). The bacterial cell volumes were significantly (p < 0.05) higher after MOE than before only for the MOE2 tanks during TA1 and the MOE1 tanks during TA2 (Tables 1 & 3 ). In addition, there was a significant (p = 0.007) increase in the percent of rod-shaped cells before MOE compared with after MOE during TA1 (MOE2 tanks only; Tables 1 & 3) . For TA2, bacterial abundance in source port waters was significantly (p = 0.02) higher than in receiving port waters (Table 1) .
Relationship with environmental parameters
For each voyage in the different ocean basins, and for all ballast tanks, the bivariate relationship between concurrently measured ballast water bacterial abundances and temperature (Fig. 5A,B) and dissolved oxygen concentrations (Fig. 5C,D Table 3 . Bacterial cell volumes and percent rod-shaped cells (mean ± SD) in ballast tanks during trans-Pacific (TP) and transAtlantic (TA) voyages. For TP voyages, data is shown for tanks that underwent mid-ocean exchange (MOE) and those that did not (control); for TA voyages, data is for tanks that underwent exchange earlier (MOE1) and later (MOE2). Values are the mean of all cell volumes during the periods before and after MOE. For the TP control tanks, where there was no exchange, the time periods 'before' and 'after exchange' are the same as for the corresponding MOE tanks. 1-way ANOVA was used to determine differences between mean cell volumes and percent rods before and after exchange; values with different superscript letters within a row are significantly different at p ≤ 0.05 bacterial abundance was predicted from multivariate regressions that include both temperature and dissolved oxygen concentrations, the explained variance was on average 33% greater than from bivariate predictive models (Table 4 ). The inclusion of other variables, such as percent rods and cell volume, did not increase the explained variance of the model's prediction of bacterial abundance. When bacterial abundance, temperature, and dissolved oxygen data for the 4 voyages (i.e. both oceanic basins) were combined (n = 128), there was a significant (p < 0.001) relationship between bacterial abundance and temperature and between abundance and dissolved oxygen (Fig. 6, Table 4 ). When both variables were combined in a multiple regression the explained variance increased (adj-r 2 = 0.55; p < 0.001) ( Table 4) .
Cellular respiration
During TP1, bacterial respiration was significantly (p < 0.001) higher both in the control ballast tanks 1 and 2 (21.3 and 29.2 µg C l , respectively), and MOE2 tanks 1 and 2 (0.67 and 1.0 µg C l
, respectively).
DISCUSSION
The dynamics of bacteria in natural waters have been well studied for several decades (Azam et al. 1983 , Kirchman 2000 and references cited therein, Azam & Malfatti 2007 , Karl 2007 , Pomeroy et al. 2007 . Although the abundances of heterotrophic bacteria in ballast water at the deballasting locations has been reasonably well studied (Ruiz et al. 2000 , Drake et al. 2002 , 2007 , Joachimsthal et al. 2004 , Mimura et al. 2005 , Burkholder et al. 2007 , David et al. 2007 , QuilezBadia et al. 2007 , Ma et al. 2009 , Sun et al. 2010 , very little is known about bacterial processes in the ballast tank environment while ships are in transit. Since bacterial processes are controlled by both the physicochemical properties (i.e. temperature, dissolved nutrients, and gases) within the ballast tank water and sources of mortality (i.e. grazing pressure and viral Table 4 for details of regression equations and statistics lysis; Thingstad 2000 , Cuevas & Morales 2006 , Pradeep Ram & Sime-Ngando 2008 , the abundance at deballasting will reflect an integration of these factors prior to the arrival of a ship in port. Burkholder et al. (2007) and Sun et al. (2010) reported no significant relationships between the endof-voyage bacterial abundance and concurrently measured environmental parameters (temperature, salinity, dissolved oxygen concentrations and pH). The absence of relationships is not surprising. The ballast tank environment is physically and chemically dy namic and, since bacterial abundance depends on nutrient availability, physical conditions and mortality, the population size at the end of the voyage reflects a complex interplay of factors that change during the voyage. Hence, correlations and predictive relationships will be more robust when based on an understanding of the factors that influence bacterial abundance (and dynamics) in ballast water during, and not just at the end of, the voyage. Drake et al. (2002) reported changes in bacterial abundance during a 19 d TA voyage onboard a bulk carrier and determined bacterial abundances to be lower at the end of a voyage compared with the beginning. Mimura et al. (2005) reported that MOE did not reduce the number of viable cells (as determined by the number of colony forming units) during 6 voyages from Japan to Qatar. Neither study related microbial metrics to the environmental parameters of the ballast water.
During a preliminary study, based upon TP1 only, Seiden et al. (2010) related changes in ballast water bacterial abundance to concurrently measured physical conditions during a single TP voyage and showed a significant positive relationship between bacterial abundance in ballast water and temperature and a significant inverse relationship with dissolved oxygen concentrations. Although these observations were based on a very limited data set, the relationship with temperature is consistent with other studies of bacteria in coastal and estuarine environments (White et al. 1991 , Hoch & Kirchman 1993 , Granéli et al. 2004 ). Similar relationships between bacterial abundance and dissolved oxygen concentrations have not previously been reported in natural systems or ballast tanks. In our study, the broad geographic (2 ocean basins) and temporal (summer through late fall) scope enables us to assess whether the relationships initially reported by Seiden et al. (2010) represent general patterns. We show in Fig. 6 Table 4 . Bivariate and multiple regression equations for relationships between bacterial abundance (BA) and temperature (T), BA and dissolved oxygen (DO), and BAand both T and DO in ballast tanks during trans-Pacific (TP) and trans-Atlantic (TA) voyages. Equations are given for each voyage, each ocean basin combined, and the 4 voyages combined tinct seasons, and with different environmental characteristics in the ballast tanks, the relationships between bacterial abundance and ballast water temperature and dissolved oxygen concentrations are similar. This robust relationship permits the development of a predictive model of bacterial abundances from physical variables. We show (Table 4) that by using both temperature and dissolved oxygen concentrations as predictor variables, the prediction of bacterial abundance is stronger than when each variable is separately considered.
Bacterial dynamics and environmental conditions
The biomass, abundance, and biodiversity of other ballast water plankton, such as zooplankton and phytoplankton generally decrease during transit. The time dependent patterns are generally complex and taxon specific (Gollasch et al. 2000a ,b, Olenin et al. 2000 , Wonham et al. 2001 , McCollin et al. 2007 , Taylor et al. 2007 , Klein et al. 2009 ). In the present study, there were different patterns of bacterial dynamics for the 2 TP voyages that may reflect the different source of the ballast waters. Moreover, we observed different patterns of bacterial dynamics during the Pacific and Atlantic voyages. The differences in dynamics between the 2 ocean basins could be due to several reasons. (1) The shipping routes are different (Atlantic vs. Pacific) with distinct temperature regimes that will affect growth patterns. During the TP voyages for example, the ballast tank water was exposed to higher and more variable temperatures. During all voyages, there was an overall decline in temperature and the trends in all of the tanks within individual voyages were generally the same. The temperature of the ballast tanks of all voyages paralleled (at times with a small time lag) the ambient ocean water temperatures ( Fig. 2A−D) . (2) The duration of the voyage will vary depending on the route, and this will have consequences for the number of bacteria deballasted, i.e. the longer the voyage, the lower the abundance of bacteria in the ballast water. For example, during TP1, the bacterial abundances were significantly higher 7 to 10 d after the start of the voyage than at the end, and if deballasting took place before Day 10 rather than on Day 22, the propagule pressure would have been 1.8-and 3.7-fold higher from control and MOE tanks, respectively. (3) The origin of the source water differed and thus contains different bacterial assemblages as well as grazer and viral components, which will affect bacterial mortality. (4) There will be different environmental characteristics, such as initial dissolved oxygen concentrations. In the present study, there were different patterns in dissolved oxygen concentrations during the Pacific and Atlantic voyages with lower (near anoxic) dissolved oxygen concentrations during the TP voyages (Fig. 3) . The latter is consistent with Drake et al. (2002) who also reported only a small decline in dissolved oxygen concentrations during a TA voyage.
The differences in the dissolved oxygen patterns between the TP and TA voyages may be due to a number of factors including ballast tank configuration and size, sea state, ambient temperature, source water composition and characteristics. The relatively small size of the ballast tanks (445 m 3 ) on the MV 'Skaugran' (vs. 5833−11 648 m 3 on the 'Eva N'), along with the different source of the ballast water, and the higher temperatures during the TP voyages may have combined to enhance the rate of oxygen depletion. In the smaller ballast tanks, an overall higher biological oxygen demand from the source water combined with a 2 to 3 times longer voyage duration during the TP than TA voyages contributed to the rapid decline in dissolved oxygen in the ballast tanks (Fig. 3) . Moreover, the higher temperatures would increase bacterial growth, production and respiration rates, and thus consump- Table 4 for detailed regression equations and statistics tion of oxygen. Bacterial respiration in the ballast tanks, which was likely underestimated since the rates of bacterial production were determined from net growth rates (growth rates minus grazing mortality), was significantly higher in ballast tanks during the TP voyage compared with the TA voyage. This explains, in part, the oxygen depletion patterns observed in these voyages.
During the TA voyages, bacterial cell volume was significantly larger after exchange for 2 sets of tanks (Tables 1 & 3) . Since cell size may be both an indicator of the nutrient status of bacteria (small-size bacterial cells are typically considered to be nutrient limited; Ducklow & Carlson 1992) and grazing activity (protists tend to select large cells and shift the size distribution to small-size bacteria; Šimek et al. 2001) , the observed pattern suggests that ballast water bacteria were likely both nutrient-limited and being grazed more actively before MOE compared with afterwards.
Model development and validation
Although bacterial growth dynamics in the ballast water differed during the voyages and between ocean basins, the general relationships with environmental parameters were the same. This clearly demonstrates the fundamental nature of the relationship and its potential application in understanding and predicting the propagule pressure of bacteria in ballast water. It also shows that the shipping route can potentially influence bacterial dynamics and bacterial abundances in ballast water and ultimately the propagule pressure at the deballasting location.
The significant relationship between bacterial abundance and temperature and dissolved oxygen can be used to predict ballast water bacterial abundance. We tested the validity of the model by using one data set to develop the predictive model and a separate and independent data set to validate the model. The regression model based on the starboard-side ballast tanks is ). Using the starboard-side ballast tank model, we predicted port-side ballast water bacterial abundance using the observed port-side ballast tank temperature and dissolved oxygen concentrations. Using the portside ballast tank model, we predicted starboard-side ballast water bacterial abundance using the observed starboard-side temperatures and dissolved oxygen concentrations. We then compared the predicted values of each data set to the observed values of each data set and tested this relationship using Reduced Major Axis Model 2 regression (Fig. 7) . The slope of the portside RMA regression of observed vs. predicted bacterial abundance is 0.824 (p = 0.01; 95% CI = 0.680−1.010) and the slope of the starboard-side observed vs. predicted bacterial abundance is 1.238 (p = 0.01; 95% CI = 0.975−1.635), neither of these slopes were significantly different from 1.00. When we combine the predicted and observed bacterial abundances for all port-and starboard-side tanks in a single RMA regression, the slope is closer to 1.00 (slope = 1.106; p = 0.01; 95% CI = 0.934−1.332). The results demonstrate the potential for this model to be developed into a management tool to predict bacterial propagule pressure from environmental parameters of the ballast tank water before deballasting. This is potentially important since there are no current treatment options that safely and in a cost effective manner eliminate the entire bacterial population from ballast water (Dobbs & Rogerson 2005) . The effect of dissolved oxygen concentrations and temperatures on bacterial abundances may be either direct or indirect, and may be mediated (at least in part) by changes in the sources and magnitude of viral-or grazer-mediated mortality. Port-side ballast tank bacterial abundances were predicted from a model based on starboard-side ballast tank parameters and vice versa. The slopes of all 3 Model 2 regressions (portside abundances, starboard-side abundances, and both combined) were not significantly different from 1.00 (based on 95% confidence intervals; see text for details). The displayed regression line is for all abundances
MOE efficacy
The effect of MOE on bacterial abundances in ballast water is variable (Drake et al. 2002 , Mimura et al. 2005 , Sun et al. 2010 , Quilez-Badia et al. 2007 ). During a 2-yr study of ships arriving at the Port of Vancouver, British Columbia, Sun et al. (2010) reported that MOE tanks had significantly lower bacterial abundances compared with unexchanged tanks, and abundances in tanks were lower than in receiving port waters. Although Quilez-Badia et al. (2007) reported that bacterial abundances were generally lower in the ballast water of MOE tanks compared with unexchanged tanks during 22 ocean voyages, in 4% of the tanks sampled (both MOE and unexchanged tanks) they found end-of-voyage bacterial abundances to be higher at the end than at the beginning. In contrast, Drake et al. (2002) reported no significant difference between MOE and unexchanged ballast tanks on the last voyage day, and Mimura et al. (2005) reported inconsistent results. In the present study, during TP1, there was a significant increase in bacterial abundances during the first 7 to 10 d of the voyage in the control and MOE tanks. Although MOE reduced bacterial abundances, the decline began before MOE and, therefore, the reduction was only in part due to the dilution of ballast water with oceanic waters. In addition, out of all voyages reported, only the MOE1 tanks during TA1 showed a significant reduction in bacterial abundances immediately after MOE. This is not particularly surprising considering open-ocean water bacterial concentrations range between 5 and 10 × 10 8 cells l −1 (Sherr & Sherr 2000 , Whitman et al. 1998 ).
In the present study, the end-of-voyage bacterial abundances in the control and MOE ballast tanks were not significantly different (Table 1) . The results of the present and other studies show that bacterial propagule pressure in ballast water can vary and is dependent on a variety of factors, including the conditions in the ballast tank and on the duration of the voyage (Sun et al. 2010) , and that MOE does not consistently reduce bacterial abundances. The variability in the reported effect of MOE on reducing bacterial numbers in ballast water, and the relationship between bacterial abundances in receiving port waters and ballast water, demonstrates the fundamental complexity in ballast tank microbial dynamics, and this confounds our developing a simple relationship to predict propa gule pressure. Such models could facilitate the development of methods to control ballast water bacteria populations.
This conclusion highlights the importance of understanding the physical and biological controls on bacteria during transit. The economic and ecological impact of ballast-water-borne bacteria is a function of both the total number of bacteria introduced and the composition of the bacterial assemblage. Because the composition of naturally occurring bacterial communities displays a marked biogeography (Hughes Martiny et al. 2006 , Ramette & Tiedje 2007 , with distinct estuarine, coastal, and oceanic populations (Rappé et al. 2000 , Hewson & Fuhrman 2004 , Malmstrom et al. 2007 ), MOE could affect the composition of ballast tank bacterial assemblages. Coastal waters, where ballast water is taken onboard, are generally affected by landoriginated pollution, such as sewage effluent and agricultural run-off; hence, MOE could be especially important in reducing the introduction of pathogenic bacteria (EPA 2006) . For example, Vibrio cholera (e.g. strains O1 and O139) and Escherichia coli have been found in ballast water (McCarthy & Khambaty 1994 , Ruiz et al. 2000 , Joachimsthal et al. 2004 , Burkholder et al. 2007 ). Ma et al. (2009) found Xiamen (China) port water to contain pathogenic bacterial strains, demonstrating polluted coastal seawater and highlighting the risk of potential transference in ballast water. Hence, even if MOE does not significantly reduce bacterial propagule pressure in ballast water, it may be effective in reducing the introduction of pathogenic bacteria.
Despite the different bacterial dynamics among the 4 voyages, the following conclusions can be drawn from this study: (1) The relationship between bacterial abundance and temperature and dissolved oxygen concentrations is consistent. When tested, the model was able to predict ballast water bacterial abundance using temperature and dissolved oxygen, and this has the potential to be a useful management tool. By using remotely sensed (i.e. satellite derived) sea surface temperatures to choose a low temperature ocean location for MOE, bacterial propagule pressure may be effectively reduced at deballasting sites. (2) MOE does not significantly reduce bacterial numbers; there were no differences between MOE tanks and unexchanged tanks at the end of voyages and ballast water had significantly higher abundances than receiving port waters. It is clearly necessary to examine changes in community structure to fully determine the efficacy of MOE and its role in reducing the introduction of pathogenic bacteria. (3) The general pattern of decline in bacterial abundance reported here (and also reported by Drake et al. 2002) suggests that the duration of the voyage plays a critical role in determining the bacterial propagule pressure. 
